Hepatitis C virus (HCV), which is essentially transmitted by blood, represents a worldwide major health problem. The World Health Organization estimates that 170 million people are infected by this virus. Forty percent of infected people develop various liver diseases, such as chronic hepatitis, cirrhosis, and hepatocarcinomas (13, 35, 48) . HCV is an RNA enveloped virus of positive polarity which is the sole member of the genus Hepacivirus within the family Flaviviridae (55). The HCV RNA genome is about 9,600 nucleotides (nt) in length, encodes a unique polyprotein of 3,030 amino acids, and is flanked at its 5Ј and 3Ј ends by two highly conserved noncoding regions involved in the translation and replication processes of the virus, respectively (11, 12, 29) . The 5Ј untranslated region (UTR) has been extensively studied and appears to be structurally very conserved among different HCV strains (5, 7, 21, 56) . Its main feature consists of an internal ribosome entry site (IRES) driving cap-independent expression of the HCV polyprotein (19, 51, 61 ). This unique polyprotein is then processed by the host signal peptidase and viral proteases to generate 10 mature structural and nonstructural (NS) proteins (16, 20, 36, 57) . Among them, NS5B, the RNA-dependent RNA polymerase, is a membrane-associated phosphoprotein (17). NS5B forms the replication complex, (22) together with other viral partners, including the protease-helicase NS3 (23). It was recently shown that the helicase activity of NS3 specifically recognizes the 3Ј ends of both the minus [(Ϫ)] and plus [(ϩ)] strands (1). NS3 is targeted to the perinuclear endoplasmic reticulum by an interaction with the viral protein NS4A (62). One hypothesis is that the NS3/NS4A complex may then associate with NS5B and subsequently recognize the 3ЈUTR of the coding RNA strand [(ϩ) strand RNA], where initiation of (Ϫ) strand synthesis occurs. Accordingly, the RNA binding activity of NS5B was observed on homopolymeric RNA (24) but also, and with higher affinity, on the 3Ј UTR of the coding strand (10). This activity was found to be associated with two distinct domains of NS5B. The 3Ј UTR of the (ϩ) strand RNA is approximately 200 nt in length and consists of a short nonconserved region, a poly(U) and/or poly(U-C) stretch of variable length, and the highly conserved 98-nt X region (32, 58) . The presence of the 3Ј UTR is absolutely required for in vivo replication (33, 64). Secondary-structure predictions, as well as structural probing experiments, have revealed that the X region folds into three stable stem-loop structures named SL-I, 25, 59 ).
Hepatitis C virus (HCV), which is essentially transmitted by blood, represents a worldwide major health problem. The World Health Organization estimates that 170 million people are infected by this virus. Forty percent of infected people develop various liver diseases, such as chronic hepatitis, cirrhosis, and hepatocarcinomas (13, 35, 48) . HCV is an RNA enveloped virus of positive polarity which is the sole member of the genus Hepacivirus within the family Flaviviridae (55) . The HCV RNA genome is about 9,600 nucleotides (nt) in length, encodes a unique polyprotein of 3,030 amino acids, and is flanked at its 5Ј and 3Ј ends by two highly conserved noncoding regions involved in the translation and replication processes of the virus, respectively (11, 12, 29) . The 5Ј untranslated region (UTR) has been extensively studied and appears to be structurally very conserved among different HCV strains (5, 7, 21, 56) . Its main feature consists of an internal ribosome entry site (IRES) driving cap-independent expression of the HCV polyprotein (19, 51, 61 ). This unique polyprotein is then processed by the host signal peptidase and viral proteases to generate 10 mature structural and nonstructural (NS) proteins (16, 20, 36, 57) . Among them, NS5B, the RNA-dependent RNA polymerase, is a membrane-associated phosphoprotein (17) . NS5B forms the replication complex, (22) together with other viral partners, including the protease-helicase NS3 (23) . It was recently shown that the helicase activity of NS3 specifically recognizes the 3Ј ends of both the minus [(Ϫ)] and plus [(ϩ)] strands (1) . NS3 is targeted to the perinuclear endoplasmic reticulum by an interaction with the viral protein NS4A (62) . One hypothesis is that the NS3/NS4A complex may then associate with NS5B and subsequently recognize the 3ЈUTR of the coding RNA strand [(ϩ) strand RNA], where initiation of (Ϫ) strand synthesis occurs. Accordingly, the RNA binding activity of NS5B was observed on homopolymeric RNA (24) but also, and with higher affinity, on the 3Ј UTR of the coding strand (10) . This activity was found to be associated with two distinct domains of NS5B. The 3Ј UTR of the (ϩ) strand RNA is approximately 200 nt in length and consists of a short nonconserved region, a poly(U) and/or poly(U-C) stretch of variable length, and the highly conserved 98-nt X region (32, 58) . The presence of the 3Ј UTR is absolutely required for in vivo replication (33, 64) . Secondary-structure predictions, as well as structural probing experiments, have revealed that the X region folds into three stable stem-loop structures named SL-I, SL-II and SL-III (4, 25, 59) .
Synthesis of full-length cRNA has been achieved in vitro, using full-length and truncated forms of NS5B (3, 9, 28, 37, 43, 63) . However, the exact mechanism for initiation of RNA synthesis remains somewhat controversial. Several reports have shown that initiation of RNA synthesis by the RNAdependent RNA polymerase of HCV and other flaviviruses was achieved through a "primer-dependent copy-back" mechanism or was associated with a terminal nucleotidyl transferase (TNT) activity of the same protein (3, 24, 49) . In contrast, other studies (39, 68) have reported primer-independent de novo initiation of RNA synthesis supported by flavivirus polymerases devoid of TNT activity (27, 39, 68) . Finally, primer dependency and template requirements, in particular second-ary-structure requirements, were also extensively studied (44, 67) . Recent data on the 6 double-stranded RNA (dsRNA) polymerase have shed new light on the initiation mechanism of RNA-dependent RNA synthesis (8, 41) . In this case, the RNA polymerase, which lacks helicase activity, initiates RNA synthesis on blunt-ended dsRNA (41) . The proposed mechanism for initiation is through base stacking of two nucleotides against a priming aromatic ring of the protein, as deduced from the crystal structure of the protein (8) . Although this mechanism could be generalized to HCV, it seems that HCV has evolved to use the NS3 helicase activity to perform strand separation within the replication complex and prior to initiation of RNA synthesis (52) .
It might be assumed that once the replicative intermediate is produced, the replication complex recognizes the 3Ј end of the (Ϫ) strand RNA and synthesizes the new HCV genomic RNA. Therefore, recognition of the 3Ј end of HCV (Ϫ) strand RNA is a crucial step in viral replication. It is tempting to speculate that at least some features recognized for initiation of RNA synthesis on both the (ϩ) and (Ϫ) strands are identical or have some homologies. However, little information is available concerning the structure of the 3Ј end of the HCV (Ϫ) strand, which, notably, is in part the antisense sequence of the (ϩ) strand IRES, known to be very structured.
In the present work, we have investigated in detail the conformation of the expected replication initiation site of HCV (Ϫ) strand RNA by chemical and enzymatic probing combined with computer prediction of secondary structure. The last 220 nt, where initiation of (ϩ) strand RNA synthesis most likely occurs, are arranged in five stable stem-loops, forming domain I. Domain I is linked to a less stable structure, named domain II, containing the antisense sequence to the pseudoknot on the coding strand. Our results show that, even though the 3Ј end of the (Ϫ) strand has the antisense sequence of the (ϩ) strand 5Ј UTR, it does not fold into its mirror image. Moreover, comparison of initiation sites of replication on both strands reveals common structural features that may play key roles in the replication process.
MATERIALS AND METHODS
Plasmid constructions and RNA synthesis. pIV1003 was obtained by PCR amplification of nt 1 to 416 of the original HCV consensus clone (HCV p90/HCV FL-long pU) (31) with primer 1 (  5Ј GCTCTAGAGCCAGCCCCCTGATG  3Ј )  and primer 2 (  5Ј GAGAATTCTAATACGACTCACTATAGGGGCGGGAACT  TGACGTCCTG  3Ј ) , containing the T7 promoter sequence (underlined), for the purpose of in vitro transcription. The PCR fragment was cut with EcoRI and XbaI and inserted into vector pUC19 cut with the same restriction enzymes (Fig.  1a) . pIV1033 is a derivative of pIV1003 in which a PCR fragment encoding the human immunodeficiency virus type 1 (HIV-1) transactivating responsive element (TAR) sequence (Mal isolate) (2) was inserted in front of nt 1 of HCV. The HIV-1 TAR was obtained by PCR amplification of the 80 nt of TAR with primer 3 ( 5Ј GGTCTCTCTTGTTAGACC 3Ј ) and primer 4 ( 5Ј CAAGGCAAGCTTTAT TGAGGCTT 3Ј ), using plasmid pJCB (45) as a template. The resulting fragment was ligated into the blunted XbaI site of pIV1003 (Fig. 1b) to generate pIV1033. The pIV1033 construct contains an extra U added by cloning (Fig. 1c) . The DNA templates pIV1003 and pIV1033 were linearized with XbaI and AflII, respectively, and in vitro transcribed with T7 RNA polymerase. The resulting RNA1003 and RNA1033 contain five extra bases at their 3Ј ends as a result of the enzymatic restriction and four G residues at the 5Ј ends ( Fig. 1a and b) . RNA1003 and RNA1033, 423 and 491 nt in length, respectively, were purified according to standard procedures (42) .
RNA structure-probing experiments. (i) Buffers. The buffers used were buffer M1 (10 mM sodium cacodylate [pH 7.5], 1 mM magnesium chloride, 60 mM potassium chloride), buffer M2 (10 mM sodium borate [pH 8.0], 1 mM magnesium chloride, 60 mM potassium chloride), and buffer M3 (50 mM HEPESNaOH [pH 7.5], 5 mM magnesium acetate, 50 mM potassium acetate).
(ii) Chemical and enzymatic probing of in vitro-transcribed viral RNAs. Standard RNA-probing assays were performed with 1 to 2 g of in vitro-transcribed 1003 or 1033 RNA. The RNA was first denatured by heating it at 90°C for 2 min and then cooled on ice for 2 min. After the addition of buffer M1 for dimethylsulfate (DMS) modification and RNase V 1 cleavage or buffer M2 for 1-cyclo- (12, 40 , and 120 mM) for 5 min at 20°C. The reaction was stopped by addition of 2 l of 0.1 M EDTA, and the RNA was ethanol precipitated. Cleavage with RNase V 1 (0.035 U per reaction) was for 5, 10, or 15 min at 20°C, and the reaction was stopped by a phenol-chloroform extraction prior to ethanol precipitation. Modified bases and cleavage sites were detected by primer extension with avian myeloblastosis virus reverse transcriptase as described previously (2) using various 5Ј-end 32 P-labeled primers complementary to residues Ϫ77 to Ϫ91 (primer oIV1036), Ϫ186 to Ϫ203 (primer oIV1066), Ϫ237 to Ϫ253 (primer oIV1038), and Ϫ283 to Ϫ299 (primer oIV1025) for RNA1003. One additional primer, complementary to residues 22 to 40 of the HIV TAR region (primer oIV1057) (2) (Fig. 1c shows the nomenclature) was used to probe RNA1033. After reverse transcription, the cDNAs were separated by electrophoresis on 8% denaturing polyacrylamide gels. A dideoxynucleotide sequencing reaction was run in parallel to allow identification of the modified positions.
RESULTS

Experimental strategy. (i) Design of the RNAs.
In this study, we have tested the accessibility of the last 416 nt of the HCV (Ϫ) strand RNA to chemical and enzymatic probes, using two in vitro-transcribed RNA fragments. In order to facilitate their positioning, the numbering of (Ϫ) strand nucleotides was the same as that of the (ϩ) strand, except that they were preceded by a minus sign. For example nt Ϫ400 in the (Ϫ) strand RNA is complementary to nt 400 in the (ϩ) strand RNA, and nt Ϫ1 in RNA1003 is the last nt of the HCV (Ϫ) strand RNA. RNA1003 contains the last 416 nt of the HCV (Ϫ) strand, which correspond to the antisense sequence of the (ϩ) strand IRES (nt Ϫ1 to Ϫ342) and the N-terminal part of the core sequence (nt Ϫ343 to Ϫ416). This RNA also bears five and four additional nucleotides at the 5Ј and 3Ј ends of the molecule, respectively, introduced by cloning ( Fig. 1a and b) . In order to gain structural information on the extreme 3Ј end of the HCV (Ϫ) strand RNA, RNA1033 was in vitro transcribed from plasmid pIV1033 (see Materials and Methods). This RNA contains the HIV-1 TAR sequence inserted immediately downstream of nt Ϫ1 of the HCV genome (Fig. 1b) . This "tail" was used as a hybridization site for a primer, in order to detect RNA modifications very close to the 3Ј end of the HCV RNA. It was specifically chosen because of its very stable structure (2) . We assumed that a stable TAR structure would fold independently of the HCV sequence (see below).
(ii) Chemical probing and derivation of the secondarystructure model. Prior to chemical and enzymatic modifications, RNA was denatured for 2 min at 90°C in order to open up all the possible secondary structures. It was then quickly cooled on ice to freeze the denatured conformation. Refolding buffer containing magnesium was then added, and refolding was allowed for 10 to 15 min at 37°C. During this step, the RNA adopts its thermodynamically most stable structure. Similar refolding strategies have been applied to ribozymes, where correct refolding could be monitored by the cleavage activity (53, 66) . The chemical reagents we used allowed us to test the Series of lead-induced cleavages are usually observed in singlestranded regions or poorly stable helices, while isolated strong lead-induced hydrolysis at specific positions is usually indicative of divalent cation binding sites (6) . Finally, RNase V 1 , specific for double-stranded regions, provides a positive signal for the presence of helices or stacked nucleotides. The modified or cleaved positions were detected by primer extension with reverse transcriptase, using the primers described in Materials and Methods. In all cases, control experiments were run in parallel, in order to detect nicks in the RNA template or pausing of reverse transcription due to stable secondary structures. Probing experiments are shown below (see Fig. 3 to 6) , and the results, representative of at least three independent experiments, were compiled (Fig. 2) .
RNA-folding computer programs (40) were used to predict the thermodynamically most stable secondary structures of RNA1003. Thirteen different structures were proposed, with ⌬G varying from Ϫ159.12 to Ϫ168.71 kcal/mol. All but two proposed secondary structures presented two main domains that we named domain I and domain II. Domain I, for which the same secondary structure was found in 45% of the structures, encompasses nt Ϫ230 to Ϫ1 and folds into five very stable stem-loop structures (Fig. 2a) . Domain II, spanning nt Ϫ416 to Ϫ230, is more versatile. One of its possible foldings was predicted in 30% of the cases, whereas the others were almost unique. The various foldings were screened, and the secondary-structure motifs consistent with our experimental data were selected. The folding program was then run again, forcing these secondary-structure elements to be integrated. A general secondary-structure model, integrating both experimental data and computer predictions, can thus be proposed (Fig. 2) . Domain I folds into five stable stem-loop structures. Domain I, spanning nt Ϫ230 to Ϫ1, most likely includes the starting point of (ϩ) strand RNA synthesis. Domain I was predicted to be very structured, and indeed, the experimental data confirmed the existence of five stem-loops, named SL-AI, SL-BI, SL-CI, SL-DI, and SL-EI (Fig. 2a) .
RNA 1033, containing the HIV-1 TAR sequence, was used to investigate the conformation of the last 40 nt of the HCV (Ϫ) strand RNA. Comparative probing of RNA1003 and -1033 confirmed that both RNAs mostly adopt the same conformation, thus validating the use of RNA1033 to study the structure of the extreme 3Ј end of the HCV (Ϫ) strand. Figure 3 shows an example of comparative chemical probing with DMS (Fig.  3a) and CMCT ( Fig. 3b and c ) of RNA1003 and -1033, revealing that similar reactivities are observed on both RNAs. In Fig.  2a , nucleotides present in the linker region between SL-BI and SL-CI (AϪ106), in the loop of SL-CI (AϪ127), or bulged in the SL-CI stem (AϪ147 and AϪ144) were reactive in both RNAs (Fig. 3a) . Similarly, nucleotides involved in the loops of SL-DI (nt Ϫ165 to Ϫ162) (Fig. 3a and b) and SL-EI (nt Ϫ215 to Ϫ202) (Fig. 3c) were reactive in both RNAs. The same conclusions hold true for domain II, where the reactivities are similar in both RNAs (see nt Ϫ275 and Ϫ274 in helix 2) and nucleotides of SL-CII (UϪ351 and UϪ342) (Fig. 3c) .
The only interference we could detect was base-pairing be- tween four single-stranded nucleotides at the 3Ј end of the TAR sequence with an extra U (at the junction between TAR and the HCV sequence) added by cloning and three nucleotides (Ϫ2GGUϪ4) of the 3Ј end of the HCV RNA, otherwise predicted to be single stranded (Fig. 1c) . Indeed, we found that, in the context of RNA1033, the last 5 nt of the RNA were protected from chemicals, even though they were predicted to be single stranded within the original RNA1003 (Fig. 4a and  b) .
Residues Ϫ5 to Ϫ20 of the HCV (Ϫ) strand RNA fold into a short hairpin, SL-AI, comprising a 6-bp stem, in which most nucleotides are nonreactive at their WC positions (Fig. 2b) . Conversely, the 4-nt loop of SL-AI was highly reactive to chemicals (Fig. 4b) and strongly cleaved by lead acetate (Fig.  4d) , further proving strong accessibility. Surprisingly, the 5Ј part of the stem was also cut by lead acetate (Fig. 4d) , and we have no explanation for this observation.
Nucleotides Ϫ115 to Ϫ21 fold into a long stem-loop, SL-BI, which was proposed in 12 out of the 13 predicted secondary structures (Fig. 2a) . The basis of the stem is very stable, and most of its residues were protected from modifications by DMS, CMCT, and lead acetate (Fig. 4a, b, and d) . Likewise, RNase V 1 , which generally cleaves close to the ends of helices and in the vicinity of bulges or internal loops (6) , cleaved at the basis of SL-BI, from residues CϪ102 to CϪ100 and CϪ98, as well as immediately after the bulge, from AϪ33 to GϪ30 and CϪ87 to UϪ85 (Fig. 4c) , confirming the presence of the double-stranded regions. The internal loops in the upper part of SL-BI were moderately reactive to chemicals (Fig. 2a and 4a and b, nt AϪ80, AϪ78, and AϪ37 to UϪ35), together with the bulged residues Ϫ97 to Ϫ91 (Fig. 4a and b) , which were incidentally moderately cut by lead acetate (Fig. 4d) . Even though marginal reactivities were observed in this part of the stem, the existence of the two short base-paired regions in the upper part of SL-BI was confirmed by mild RNase V 1 cleavages at nt GϪ40 and UϪ39 (Fig. 4c) and stronger cuts in the Ϫ65GAA GϪ62 sequence (Fig. 4c) . Residue AϪ46 displayed a strong reactivity to DMS (Fig. 4a) , consistent with its bulging out in the secondary-structure model. Finally, nucleotides in the SL-BI apical loop also displayed strong reactivity at their WC positions ( Fig. 4a and b) . Residue GϪ31 exhibited a high reactivity to lead acetate (Fig. 4d) that could reflect the presence of an ion binding site (46) . The third stem-loop of domain I, SL-CI, is highly stable (Fig.  2a shows its reactivity to chemicals, and Fig. 5a shows RNase V 1 cleavages). Within SL-CI, nt AϪ113, AϪ144, and AϪ147 were accessible to DMS modifications (Fig. 2a) , suggesting that they were exposed to the solvent. They are indeed bulging out in our model. The apical loop of SL-CI displayed a modification pattern typical of the well-known GNRA tetraloops (26) : the first G residue of the loop was nonreactive at its WC position, the last A was highly reactive, and the residue immediately upstream showed only marginal reactivity. GNRA tetraloops are usually involved in tertiary interactions, as found in rRNAs, self-splicing introns, and other highly structured RNA molecules, where the GNRA sequences are captured by helical stems (14) . However, among those tetraloops, GGGA sequences are rare, and no strong receptor has been identified so far. Finally, lead cleavage experiments revealed an unexpected high accessibility of residues Ϫ144 to Ϫ140 (Fig. 5c) .
Stem-loop DI is made up of a 6-bp stem, protected from chemical modification, and a 4-base loop with all residues fully reactive at their WC positions (Fig. 2a) . The existence of this short hairpin was confirmed by strong RNase V 1 cleavages on the 5Ј side of the stem (nt CϪ171 to GϪ168) (Fig. 5a) .
The last hairpin of domain I, SL-EI, consists of two stems of 5 and 10 bp, interrupted by an internal loop (Fig. 2a) . Residues in both stems were mainly protected from chemical modification (Fig. 2a) , and RNase V 1 recognized sequences in both stems (CϪ180, Ϫ206UUϪ205, and GϪ208 [ Fig. 5a ] and Ϫ221CCGϪ219 [ Fig. 5b] ). Residues UϪ182, UϪ215 (Fig. 2a) , and AϪ216 (Fig. 5d ) were modified at their WC positions, and their corresponding ribose-phosphate backbone supported lead cleavage (Fig. 5c) . Accordingly, these residues are part of an internal loop in SL-EI. In contrast, G residues at positions Ϫ186 and Ϫ211 were unreactive to CMCT (Fig. 2a) , even though they are bulging out in our secondary-structure model. Such reactivity patterns can most likely be explained by stacking interactions within the stem. Finally, the large apical loop of SL-EI (nt AϪ203 to AϪ194) was highly reactive to CMCT and DMS (Fig. 2a) and lead acetate (Fig. 5c ). Stem-loops BI, CI, DI, and EI are linked by single-stranded regions varying in length from 2 to 5 nt that are highly reactive to chemicals (nt Ϫ106 to Ϫ105, Ϫ155 to Ϫ152, and Ϫ175 to Ϫ172 [Fig. 2a] ). Domain II (nt ؊416 to ؊230) folds into a more versatile secondary structure. Domain II is closed up by a 5-bp helix, named helix 1 (nt Ϫ232 to Ϫ229 and nt Ϫ396 to Ϫ393), and connected to domain I by a 5-nt linker region (Ϫ227AAUCU Ϫ223) highly reactive to DMS and CMCT (Fig. 2b and 5d ). Within domain II, which appears considerably less stable than domain I, the most clear-cut results concern the existence of SL-CII. This stable structure is divided into two stems of 7 and 9 bp connected by an internal loop. The existence of the two stems was supported by the low level of reactivity to chemicals of the paired nucleotides, as well as by several RNase V 1 cleavage sites (Ϫ323CCϪ322, CϪ331, GϪ333, CϪ335, Ϫ349GUGϪ347, UϪ358, and Ϫ361GGϪ360) (Fig. 6c) . Residue UϪ351 was strongly reactive at its WC position (Fig. 6a) , consistent with it bulging out of the helix (Fig. 2b) . Residues within the internal and apical loops of SL-CII were highly reactive at their WC positions, and lead cleavages were observed at residues Ϫ330UACGϪ327 and Ϫ341UACϪ344 (Fig. 6a, b, and d) , in keeping with the proposed secondarystructure model.
The rest of domain II is organized in a series of loops and short metastable helices (SL-AII and SL-BII) connected by helix 2, which encompasses residues Ϫ280 to Ϫ263 and Ϫ388 to Ϫ371.
SL-AII is rather unstable, as demonstrated by the level of reactivity at the WC positions CϪ241, Ϫ244UUϪ243, Ϫ251UAϪ252, and UϪ257, with GC pairings alternating with labile AU and UG pairings (Fig. 5d) . On the other hand, the WC positions of G residues Ϫ240 and Ϫ255 were protected, even though they were predicted to be unpaired, most likely because these bases were stacked inside the helix (Fig. 2b ).
An internal loop, comprising Ϫ265AACACUAϪ259 and Ϫ392ACϪ391, highly reactive to chemicals (Fig. 5d and 6b) and cleaved by lead acetate (Fig. 2b) , bridges helix 2 and SL-AII and -DII within domain II. Helix 2 forms an irregular stem structure that can fold into two alternative conformations (Fig. 2b) . We have observed RNase V 1 cleavages at positions Ϫ268 to Ϫ266, confirming the starting point of the stem region predicted in the alternative conformation. In this conformation, the unreactive Ϫ271CGϪ270 would be paired with Ϫ387UGϪ386. This helical segment would be preceded by an extended bulge (from nt Ϫ384 to Ϫ381) strongly cut by lead (Fig. 6d) . In both conformations, Ϫ275UUϪ274 are single stranded, consistent with their accessibility to chemical reagents (Fig. 5d) . Finally, the strong lead-mediated hydrolysis at nt UϪ375 was most likely due to a specific cation binding site (Fig. 6d) .
Helix 2 is linked to the stable SL-CII by a weakly structured region, as revealed by the general high level of reactivity (Fig.  2b) . However, the presence of mild RNase V 1 cleavage sites suggests that the two helices predicted in this region, and mainly the stem of SL-BII, do exist. Nucleotides Ϫ312ACUC GϪ308 in the loop of SL-BII were cleaved by lead acetate (Fig.  6d) , even though they exhibited only mild or no reactivity to modification agents (Fig. 2b) . The last hairpin (SL-DII), encompassing residues Ϫ416 to Ϫ399, comprises a 5-bp stem and an 8-nt loop. With the exception of GϪ407, the nucleotides forming the loop were reactive to the modification agents ( Fig. 6a and b) .
DISCUSSION
dsRNA viruses are able to perform replication from bluntended dsRNAs. However, the HCV RNA polymerase, even though structurally very close to the 6 RNA polymerase (41) , has diverged from a common ancestor. As a result, flaviviruses require a distinct helicase activity in order to separate the two RNA strands prior to replication, which consequently takes place on a single-stranded molecule (34) . Determination of the secondary structure of the 3Ј end of HCV (Ϫ) strand RNA is therefore an obligatory step to understand the replication process of this virus.
The 3Ј end of the HCV (Ϫ) strand RNA is the strict antisense sequence of the (ϩ) strand IRES. It is therefore of particular interest to compare both structures, which could adopt mirror image conformations. The first stem-loop in the (Ϫ) strand RNA, SL-AI, is indeed the mirror image of domain in the IRES. The same observation holds true for the loops of SL-DI and SL-EI, corresponding to loops IIIa and IIIb in the IRES structure, respectively, as well as for the nucleotides forming the external loop of SL-BI, which are also exposed in domain II of the IRES sequence. In contrast, the organization of nt Ϫ105 to Ϫ20, forming SL-BI, displays no homology with the IRES structure, in which a large proportion of the corresponding nucleotides are single stranded. Finally, it should be stressed that residues Ϫ331UACGAGϪ325 and Ϫ311CUCG CAϪ306, which correspond to the sequences involved in the pseudoknot structure of the IRES, are undoubtedly accessible in the 3Ј-end HCV (Ϫ) strand RNA as stressed by the lead cleavages. In contrast with the situation in the (ϩ) strand RNA, our experimental data do not suggest any involvement of those sequences in a tertiary structure, such as a pseudoknot.
In conclusion, we found that the 3Ј end of the HCV (Ϫ) strand RNA does not adopt a strict mirror image conformation of its antisense 5Ј UTR (ϩ) sequence.
Another goal of our study was to investigate the possible existence of common structural characteristics between RNA regions involved in the replication process of the (ϩ) and (Ϫ) RNA strands of HCV in particular and of flaviviruses in general. Comparison of the secondary structures of the 3Ј X region of the HCV coding strand (4) and those of the (Ϫ) strand presented in this paper allows some features to be highlighted (Fig. 7) . Interestingly, both regions are highly structured and assemble into long stem-loops. As a result, the SL-I stem at the 3Ј end of HCV (ϩ) strand RNA is comparable to SL-CI, both in length and stability. Another striking feature is the 60% homology between the loops of SL-EI and SL-II (Fig. 7, inset) . SL-II was found to be involved in polypyrimidine tract binding (PTB) protein binding (25) . However, the nucleotides in SL-II involved in PTB protein binding (Fig. 7, inset) are not homologous in both loops. Moreover, no homology with the PTB protein consensus binding site was found, either in this region or in any other region of the 3Ј-end HCV (Ϫ) strand RNA, disproving the hypothesis that the SL-EI loop would be involved in PTB protein binding. Accordingly, it was shown that the PTB protein binds solely to the 3Ј end of the (ϩ) strand and not to the 3Ј end of the (Ϫ) strand (60) . In spite of this, and given their strong sequence homology, we can still speculate that the two loops might share a common unknown functional role. In support of this hypothesis, an in vitro study using recombinant NS5B showed that, although efficient in vitro transcription was obtained using a template with SL-II deleted, the resulting fragment was not of the expected size (43) . Thus, SL-II, as well as its counterpart on the HCV 3Ј (Ϫ) strand RNA, SL-E1, could be involved somehow in the specificity of the replication process.
Investigation of template requirements for RNA synthesis by recombinant NS5B revealed that a stable secondary structure, together with at least one single-stranded 3Ј-end cytidine, is necessary for optimal initiation of replication (28) . In agreement with this study, the structure we propose suggests the existence of an unpaired cytosine at the 3Ј end of the (Ϫ) strand. This result could provide an explanation for higher efficiency of (Ϫ) strand than (ϩ) strand replication (38, 50) , since the extreme 3Ј end of the HCV (ϩ) strand RNA is a uridine, involved in a U-G base pair (32) . In this case, RNA synthesis is initiated at the single-stranded region closest to the 3Ј end of the X region, i.e., at a specific site within the loop of SL-I (44) .
Even though our study is the first describing the secondary structure of the 3Ј end of the (Ϫ) strand RNA of a flavivirus, the 3Ј ends of the (ϩ) strands of several flaviviruses have been investigated (47, 54) . In particular, the 3Ј UTR of the West Nile virus has been shown to contain two stem loops interacting with each other to form a pseudoknot (54, 54) . Our study provides no evidence for the existence of such a tertiary interaction. Several studies also pointed to the existence of cyclization sequences involved in the flavivirus replication process (18, 30, 65) . Such sequences may not exist in the HCV (ϩ) strand, since there were no significant differences between nucleotide accessibilities whether tested on a full-length genome or on the 3Ј (ϩ) end alone (4). Whether cyclization sequences exist in the nonreplicative strand is still unknown and is under investigation. It is noteworthy that in vitro replication studies performed with recombinant NS5B showed that the minimal RNA fragment required for efficient replication of the (Ϫ) strand spans nt Ϫ239 to Ϫ1 (43) , which corresponds to the domain I identified in the present study. This strongly suggests that the replication complex may recognize a stable structure at the 3Ј end of the RNA molecule. This hypothesis is further supported by the fact that unstructured homopolymeric RNAs are poor templates for de novo initiation of RNA synthesis (24) . In addition, a specific interaction between domain I and the HCV nonstructural protein NS3 was reported last year (1) . The first stem-loop, SL-AI, and in particular the run of guanosines in the stem, were absolutely required for this interaction. Recently, Friebe et al. (15) , using an adapted replicon system, developed the first test allowing replication in vivo to be followed. They showed that the presence of the entire IRES region was required for maximal replication efficiency. In these experiments, the involvement of the IRES in translation was dissociated from its role in the replication process. Once transcribed to give rise to the 3Ј (Ϫ) end of the minus strand, the nucleotides encoded by the IRES sequence are involved only in the replication process of the virus. In addition, the authors showed that the region encompassing nt Ϫ125 to Ϫ1 also supported significant replication. Accordingly, a functional subdomain encompassing SL-AI and SL-BI may represent the minimal initiation site for (ϩ) strand RNA synthesis. Interestingly, in this study, truncated constructs bearing deletions of nt Ϫ96 to Ϫ72 or Ϫ104 to Ϫ61 totally abolished replication under transient-transfection conditions. In our model, these two regions are located in SL-BI, suggesting the involvement of this stem-loop in the mechanism of initiation of replication.
The aim of our study was to gain insight into the structure of the replication initiation site on the HCV (Ϫ) strand RNA and to further compare it with the HCV (ϩ) strand. Interesting hypotheses could be drawn with respect to rules that might govern the replication process. Our study also provides a secondary-structure model that should prove useful for the study of RNA-protein interactions within the replication complex, for instance, by site-directed mutagenesis. It therefore constitutes an essential approach to a better understanding of the replication mechanism, in parallel with analysis of quasispecies sequences selected from patients with high viral titers. Indeed, Proutski et al. (47) demonstrated that polymorphism of the 3Ј UTR of yellow fever virus, another flavivirus, was associated with either virulence or attenuation. Selected mutations in the IRES sequence which do not affect translation of the viral genome could affect the structural organization of the 3Ј end of the HCV (Ϫ) strand RNA and therefore affect the replication efficiency.
The next step of our work will be to test the relevance of the secondary structure we propose in cell cultures expressing the viral replication complex. This study will be conducted in permissive and nonpermissive cell lines, in order to identify the cell-specific partners of the replication process. Such partners probably exist, since the HCV replicons replicate only in the Huh-7 cell line (38) .
